We analyzed growth responses to climate of 24 tree-ring width and four maximum latewood density chronologies from the greater Tatra region in Poland and Slovakia. This network comprises 1183 ring-width and 153 density measurement series from four conifer species (Picea abies (L.) Karst., Larix decidua Mill., Abies alba (L.) Karst., and Pinus mugo (L.)) between 800 and 1550 m a.s.l. Individual spline detrending was used to retain annual to multi-decadal scale climate information in the data. Twentieth century temperature and precipitation data from 16 grid-boxes covering the 48-50°N and 19-21°E region were used for comparison. The network was analyzed to assess growth responses to climate as a function of species, elevation, parameter, frequency and site ecology. Twenty ring-width chronologies significantly correlated (P < 0.05) with June-July temperatures, whereas the latewood density chronologies were correlated with the April-September temperatures. Climatic effects of the previous-year summer generally did not significantly influence ring formation, whereas site elevation and frequency of growth variations (i.e., inter-annual and decadal) were significant variables in explaining growth response to climate. Response to precipitation increased with decreasing elevation. Correlations between summer temperatures and annual growth rates were lower for Larix decidua than for Picea abies. Principal component analysis identified five dominant eigenvectors that express somewhat contrasting climatic signals. The first principal component contained highest loadings from 11 Picea abies ring-width chronologies and one Pinus mugo ring-width chronology and explained 42% of the network's variance. The mean of these 12 high-elevation chronologies was significantly correlated at 0.62 with June-July temperatures, whereas the mean of three latewood density chronologies, which loaded most strongly on the fourth principal component, significantly correlated at 0.69 with April-September temperatures (P < 0.001 over the 1901-2002 period in both cases). These groupings allow for a robust estimation of June-July (1661 -2004 and April-September (1709-2004) temperatures, respectively. Comparison with reconstructions from the Alps and Central Europe supports the general rule of the dominant influence of growing season temperature on high-elevation forest growth.
Introduction
Tree growth responses to climatic change are key to assessing future forest productivity, vegetation dynamics, plant diversity and species richness (e.g., Kienast et al. 1998 , Saxe et al. 2001 , Sitch et al. 2003 , Thuiller et al. 2005 , and to evaluating tree-ring-based temperature reconstructions (Briffa et al. 1998 , Büntgen et al. 2006a . Although physiological studies provide empirical evidence on how trees react to internal (biotic) and external (abiotic) forcing agents (Kozlowski and Pallardy 1997) , physiological studies of the longer-term responses of trees suffer from either the short-term nature of laboratory and field experiments with low spatial coverage, or the limited range of assessments of plant growth when larger regions are considered. An alternative approach is to study tree-ring width (TRW) and maximum latewood density (MXD) measurements which provide information on past growth rates. Radial growth of trees from higher elevations generally reflects temperature variations, whereas radial growth of trees from lower elevations generally mirrors precipitation changes (Schweingruber 1996) . However, because of the co-variation of various climatic parameters and complex plant physiological reactions and processes (Tranquillini 1964) , attempts to define growth responses in terms of a single controlling factor often fail (Fritts 1976) . For example, ecophysiological studies in elevational ecotone sites where growth is predominantly limited by low summer temperatures emphasized the importance of various winter climate conditions (e.g., frost, desiccation, solar irradiance, freeze-thaw cy-cles, soil frost and snow cover) on the vigor of woody plants (Vaganov et al. 1999 , Oberhuber 2004 . Local geographical settings including slope, aspect, wind-exposure and soil conditions provide second-order variations to the general rules of thermally constrained forest productivity at high altitudes and toward northern timberlines (Körner 1998) , and water-limited constraints on forest productivity at mid-and low altitudes and latitudes (Leuzinger et al. 2005) .
Analyses of the climatic influence on variations in European tree growth, from annual extremes to multi-decadal scale fluctuations, have mainly focused on high-elevation conifers from the Alpine arc (e.g., Rolland et al. 1998 , Desplanque et al. 1999 , Rolland et al. 2000 , Carrer and Urbinati 2004 , Neuwirth et al. 2004 , Oberhuber 2004 , Jolly et al. 2005 . Analyses of large networks that include MXD measurements have examined growth response patterns to climatic conditions across the Alps and Europe . For the Carpathian arc, however, there have been no long-term dendroclimatological network analyses and only a few local studies have assessed the climatic influence on tree growth (Bednarz 1984 , Feliksik 1993 , Szychowska-Krapiec 1998 , Bednarz et al. 1999 .
Our understanding of annually resolved long-term European temperature variations on tree growth has consequently been restricted to a handful of TRW and MXD records from the Alps (e.g., Büntgen et al. 2005 Büntgen et al. , 2006c and Scandinavia (e.g., Briffa et al. 2001 , Grudd et al. 2002 , Helama et al. 2002 . Because of the paucity of these reconstructions, climate conditions during the last millennium remain more uncertain and spatially less resolved than reconstructions of the past centuries. Therefore, updates of existing data and development of new data from poorly studied regions, such as the Carpathian arc, are key to understanding local-to regional-scale climatic variations, compiling larger-scale networks to assess spatial patterns of climatic change, and providing validations of climate model simulations , Hegerl et al. 2006 .
In this paper, we introduce a tree-ring network from the greater Tatra region within the western Carpathian arc that extends into the 21st century. We analyzed this network to evaluate tree growth responses to climate patterns, considering the influences of species (spruce, larch, fir, pine), elevation (800-1550 m a.s.l.), parameter (TRW and MXD), frequency (inter-annual and decadal scales), site ecology (luff or lee) and previous-and current-year climatic conditions (temperature and precipitation). Two multi-centennial-long temperature reconstructions based on TRW and MXD were developed for the region and compared with findings from the Alps and Central Europe. We provide details on physiologically induced response variations in the network's growth-climate relationship, and on temporal deviations between the reconstructed temperature histories.
Data and methods

Geographical settings
The study considers the greater Tatra region extending across 48-50°N and 19-21°E. This region includes the highest range of the western Carpathian arc and the Tatra Mountains (Figure 1 ). The border area between Poland and Slovakia is characterized by montane to sub-alpine forest stands with physiological and genetic differentiation between populations from higher and lower elevations (Oleksyn et al. 1998 ). The climate-driven treeline is situated around 1550 m a.s.l., and includes partly natural ecotones with individual conifers reaching ages of 350-450 years (Figure 2 ). Several mountain peaks are > 2,500 m a.s.l. Soil conditions differ among the sample sites, with a tendency for decreasing depths and increasing organic matter content with increasing altitude.
Synoptically, the North Atlantic Oscillation and Siberian High dominate during winter, whereas more localized low pressure cells occur during summer (Hurrell et al. 2003 , Raible et al. 2006 . Main atmospheric flows are maritime westerlies with secondary airflows from the north (Niedzwiedz 1992) . The local topography results in distinct luff and lee conditions ( Figure 1) , with greater precipitation on the north sides of the mountain ranges (Koncek et al. 1974) . Mean annual temperature and precipitation over the greater Tatra region for the period 1901-2002 was 6.5°C and 849 mm, respectively (Figure 1 ).
Tree-ring data and detrending
Tree-ring data from 24 forest stands within the greater Tatra region were combined (Figure 1 ). These sites are distributed throughout five National Parks: Babia Gora, Gorce, Tatra in southern Poland and High-and Low-Tatra in Slovakia, and one National Reserve: Pilsko. The network comprises 1183 TRW measurement series from four conifer species, Picea abies (L.) Karst., Larix decidua Mill., Abies alba (L.) Karst., and Pinus mugo L. (herein abbreviated PCAB, LADE, ABAL and PIMU), all from elevations between 800 and 1550 m a.s.l. Datasets were developed on a site-by-site basis (Table 1) , and 153 MXD series from three PCAB (7, 9 and 11) sites and one LADE (13) site were also measured. Most of the larger site collections include juvenile to mature trees (Figure 2 ). The mean number of rings per core sample was 128 years with a minimum of 17 years and a maximum of 442 years. The mean number of cores (each core sample represents one tree) considered per site was 48 with a minimum of 10 samples and a maximum of 128 samples. For all data, mean annual width and density were 1.37 mm year -1 and 0.78 g cm -3 , respectively. For analyses and visualization, we categorized the network into high (> 1350 m), medium (> 1250 m and < 1350 m) and low (<1250 m) elevational belts. The network is characterized by 12 sites located at high elevation, from which nine are PCAB. The MXD measurement series are all derived from sites near the timberline between 1450 and 1500 m a.s.l. Six TRW sites are located at low elevation, and the remaining seven sites at medium elevation. Twenty-three sites are located in the High Tatra Mountains, two in the more southern Low Tatra Mountains and one each from the more northern Pilsko, Babia Gora and Gorce Mountains, respectively. Most of the sites in the High Tatra Mountains are located on the northern luff side, with two LADE (one containing MXD data) and one PCAB site situated on the southern lee side. The single ABAL site is located on the northwestern luff side of the High Tatra Mountains at 1050 m a.s.l. The PIMU chronology represents uppermost treeline conditions.
To remove non-climatic biological age trends (Fritts 1976) TREE PHYSIOLOGY ONLINE at http://heronpublishing.com from the TRW and MXD measurement series (Figure 3 ), an adaptive power transformation was first applied to reduce the heteroscedastic behavior of the TRW measurement series (Cook and Peters 1997) . Indices of both the TRW and MXD series were then taken as residuals from cubic smoothing splines with the 50% frequency-response cutoff at 300 years . This approach emphasized inter-annual to multi-decadal scale variations. Longer-term growth trends, however, were removed (Cook et al. 1995) . Measurement series were averaged to form chronologies on a siteby-site basis based on a bi-weight robust mean. Chronologies had their variance stabilized for changes in sample size by methods introduced by Osborn et al. (1997) , and then truncated at a minimum sample size of < 5 series. The common period for all 28 chronologies is 1894-1964 after truncation (Table 1, Figure 2 ). With 14 chronologies originating before 1800, and 19 chronologies extending into the 21st century, this current network represents a significant update of the six pioneering western Carpathian chronologies developed in the 1960s and 1970s (see Bednarz 1984 for details). After aligning the chronologies' raw measurement series by their cambial age (Esper et al. 2003) , the resulting Regional Curves (RCs) describe mean growth trends for the given site and species within the network (Figure 3 ). These age trends were predominantly related to elevation, because lower-elevation sites generally show wide juvenile rings, whereas juvenile growth at higher elevations is typically more depressed. Signal strength of the site chronologies was assessed by the inter-series correlation (Rbar), and the Expressed Population Signal (EPS) statistics computed in moving windows (Wigley et al. 1984 Table 1 . Characteristics of the 24 tree-ring width (mm) and 4 maximum latewood density (g cm -3 ) chronologies. Statistics refer to chronologies after power transformation, 300-year spline detrending, and truncation at < 5 series. Bold lines denote MXD data. Elevation = m a.s.l, Period = full length/after truncation < 5 series, MSL = mean segment length (years), MGR = mean growth rate (TRW = mm, MXD = g cm -3 ), and EPS (expressed population signal) = calculated over 30 years lagged by 50%, L-1 = first year autocorrelation, PC-L = PC loading, Response = highest monthly correlation with T (temperature) and P (precipitation) over the 1901-2002 or full period of overlap and Bold = MXD measurements. Identities of numbered sites: 1 = Sucha Kasprowa; 2 = Hala Gasienicowa; 3 = Nova Polianka; 4 = Nova Polianka; 5 = Zolta Turnia; 6 = Swistowko Wyznig; 7 = Swistowko Wyznig; 8 = Gasienicowy; 9 = Gasienicowy; 10 = Dolina Suchej Wody; 11 = Dolina Suchej Wody; 12 = Dolina Mengusovska; 13 = Dolina Mengusovska; 14 = Kosodrevina; 15 = Dolina Panszczycka; 16 = Roztoki Woloszyn; 17 = Dolina Waksmundzka; 18 = Rybiego Potoku Wlosienica; 19 = Roztoki Nowa Roztoka; 20 = Dolina Rybiego Potoku; 21 = Babia Gora; 22 = Pilsko; 23 = Roztoki Dobra Woda; 24 = Roztoki Podczub; 25 = Gorce; 26 = Dolina Chocholowska; 27 = Dolina Chocholowska; and 28 = Tale.
Site Species
Lat (Wigley et al. 1984) . Lag-1 autocorrelations of the 24 TRW and four MXD chronologies ranged from 0.40 to 0.86 and from 0.12 to 0.25, respectively. This lower persistence of previous-year growth conditions in the MXD data reflects the reduced biological memory of this parameter (e.g., Frank and Esper 2005a) . The lag-1 autocorrelations of the "target" monthly temperature means and precipitation sums ranged from -0.02 to 0.26 and from -0.19 to 0.13, respectively. Correlations between the four TRW and MXD chronology pairs from the same sites were lower for the three PCAB pairs and higher for the LADE pair (Table 2) . We assume this is related to a higher sensitivity of radial growth and lower biological memory of LADE (see Table 1 ). The periodic occurrence of annual growth depressions caused by larch budmoth (Zeiraphera diniana Gn.) population outbreaks, commonly reported for the European Alps (Baltensweiler and Rubli 1999) , however, can be excluded for the Tatra Mountains LADE trees. The relatively low within-site correlations of PCAB suggest that TRW and MXD contain different environmental or climatic signals, or both (see below PC loadings of the individual chronologies).
Meteorological data
For growth response and calibration analyses, a dataset of gridded (0.5°× 0.5°) monthly temperature and precipitation series was used (CRU TS 2.1, Mitchell and Jones 2005) . Temperature data from 16 grid-boxes that cover the 48-50°N and 19-21°E region and 1901-2002 period were expressed as anomalies with respect to the 1961-1990 mean. Correlation analysis between the 28 tree-ring chronologies and climate data was undertaken over the 1901-2002 period, or for the individual maximum period of overlap for chronologies that end before 2002, using an 18-month window from May of the year prior to tree growth until the current-year October. Temperature means and precipitation sums are for the periods February-April, April-September, March-September, June-September, April-August, March-August, June-August and June-July. Time periods of < 10 and > 10 years are denoted as high and low frequency, respectively, and significance levels TREE PHYSIOLOGY ONLINE at http://heronpublishing.com TREE GROWTH AND CLIMATE IN THE TATRA MOUNTAINS 693 Figure 3 . Mean growth trends of (A) the 24 tree-ring width (TRW) and (B) the four maximum latewood density (MXD) chronologies after aligning all measurement series by cambial age. Average series (Regional Curves, RCs) are 20-year low-pass filtered and truncated at < 5 series. Names and numbers refer to the site chronologies as listed in Table 1 . conservatively corrected for lag-1 autocorrelation (Trenberth 1984) using the monthly values with highest autocorrelations for the confidence adjustment of all correlations.
Results
Growth response to climate
Correlation analysis of the TRW site chronologies to temperature revealed a rather consistent response to current-year June and July temperatures ( Figures 4A and 4B) , with the exception that the lowest elevation sites deviated from this pattern and showed an inverse behavior. The TRW correlations with August temperatures were not significant (P > 0.05), whereas the TRW correlations with current-year late winter-early spring temperatures were generally positive for lower elevation sites, including some significant (P < 0.05) responses to February, March and April temperatures. Chronologies from higher elevations generally showed a negative response to March and April temperatures. Several chronologies from higher elevations also had positive correlations (P < 0.05) with previous-year October and November temperatures, a feature com-694 BÜNTGEN, FRANK, KACZKA, VERSTEGE, ZWIJACZ-KOZICA AND ESPER TREE PHYSIOLOGY VOLUME 27, 2007 monly reported from the European Alps (Oberhuber 2004, Frank and . Although almost all TRW records showed no significant correlations with previous-year summer temperatures, TRW at some lower elevation sites correlated negatively (P < 0.05) with July, August and September temperatures of the year before ring formation. The four MXD sites were dominated by positive correlations (P < 0.05) with March, April, July, August and September temperatures, but there were no significant correlations with previous-year May to current-year March temperatures. The MXD correlations with June temperatures of the growth year were low. A similar monthly optimum of MXD formation is reported from a LADE MXD network from nearby timberline sites in the central Swiss Alps (Büntgen et al. 2006c) , and from a multi-species analysis of high-elevation sites across the Alpine arc .
The TRW response pattern to precipitation was generally opposite to the correlations with temperature ( Figure 4B ). Although TRW commonly correlated positively with spring precipitation (particularly March), MXD showed a negative response to spring precipitation. The correlations for TRW and summer precipitation were generally negative, with some significant negative correlations (P < 0.05) for June and July. Negative correlations (P < 0.05) with summer precipitation (June, July, August and partly September) were also pronounced for the MXD chronologies. Some positive correlations (P < 0.05) were obtained between June and July precipitation sums and the TRW of the network's lowest site chronology (28), at about 800 m a.s.l. south of the Low Tatra Mountains.
Based on these monthly correlation results, we calculated seven seasonal temperature means for the period from April to September for comparison with the 28 site chronologies. Accordingly, 20 TRW chronologies correlated significantly with June-July temperatures, whereas the MXD chronologies had the strongest response to the longer April-September season ( Figure 5 ). These results demonstrate the more integrative nature and slightly higher climate sensitivity of the MXD data compared with the TRW data. The decreasing growth response to summer season temperatures with decreasing elevation is indicated by the two lower elevation TRW chronologies that did not correlate significantly with any seasonal mean, and the lowest site chronology (28) that showed negative correlations.
For a better understanding of these relationships, the treering and meteorological data were decomposed into high-and low-pass components. Probability distribution functions of these data showed greater coherency in the higher frequency domain ( Figure 6A ). Analysis of these frequency-dependent correlations as a function of elevation revealed significant (P < 0.01) dependency for the original and high-pass chronologies and nonsignificant results for the low-pass component ( Figure  6B ). Although the network's elevational gradient is only 750 m (800-1550 m a.s.l.), these frequency-specific vertical correlation patterns indicate that a stronger temperature signal is preserved toward the upper growth limit, particularly for the inter-annual domain. homogeneity within heterogeneity, as data subsets with optimized signal coherency are created and patterns inherent in the network detected . Based on the 1894-1964 period shared by all 28 chronologies, the first principal component (PC) explained 42% and the first seven PCs explained 84% of the network's variance. The first seven PCs with eigenvalues greater than unity were retained for varimax rotation (Richman 1986 ). Resulting clusters became even more apparent after using the first five PCs (eigenvalues > 1.5) containing 76% of the variance ( Figures 7A and 7B ). Chronology grouping depended on a combination of species, parameter and elevation, but was slightly diminished by ecological site condition (Table 1) .
Principal component analysis
To differentiate the climatic signal preserved by the five rotated PCs, analyses were repeated over the 1901-1978 period and correlated against monthly and seasonal temperature means and precipitation sums (Figure 8 ). This analysis period is a compromise between the number of site chronologies entering the PCA (24 chronologies) and the operational window length (78 years). Principal component 1, mainly integrating high-elevation PCAB TRW data, correlated positively (P < 0.05) with June-July temperatures. Principle component 4, mainly integrating high-elevation MXD data, showed the overall highest correlations (P < 0.05) with monthly August and seasonal April-September temperatures. Principal component 2 correlated negatively (P < 0.05) with previous-year 696 BÜNTGEN, FRANK, KACZKA, VERSTEGE, ZWIJACZ-KOZICA AND ESPER TREE PHYSIOLOGY VOLUME 27, 2007 March and September temperatures and current-year AprilSeptember and March-September temperatures. Correlations for PC3 and PC5 were all nonsignificant.
Temperature reconstructions
For temperature reconstruction, we considered the arithmetic means of the chronologies that loaded most strongly on either PC1 or PC4 (Figure 9 ). Accordingly, the mean of the 11 PCAB and one PIMU TRW chronologies (~PC1) showed the strongest response to peak summer June-July temperatures (r = 0.62; P < 0.001), and the mean of the three PCAB MXD chronologies (~PC4) showed the strongest response to the wider April-September season (r = 0.69; P < 0.001). No correlations with the previous-year climate and the current-year precipitation measurements were significant (P > 0.05).
To avoid loss of amplitude as a result of regression error ), a simple scaling of the mean chronologies to the meteorological target data was applied, i.e., the variance and mean of the chronologies were set equal to those of the instrumental "target" data over the 1901-2002 period (Figure 9) .
The TRW-based June-July and MXD-based April-September reconstructions explained 39 and 48% of the regional temperature variability, respectively. Actual and predicted records indicated a linear relationship, with both reconstructions modeling high-and low-frequency variations reasonably well ( 1901-1951 and 1952-2002 windows to prove the model's temporal stability. Reduction of error (RE) values were 0.11 and 0.38 for the 1901-1951 and 1952-2002 periods, and the corresponding coefficient of efficiency (CE) values were 0.10 and 0.37, respectively. These statistics demonstrate that useful temperature information is preserved in the models (Cook et al. 1994) . The June-July and April-September Tatra temperature reconstructions cover the periods 1661-2004 and 1709-2004, respectively . They correlate at 0.33, 0.46 and 0.24 based on their original, high-and low-pass components, respectively, over the 1709-2004 period of overlap. Common features include temperature increases from~1900 to 1950, decreases from~1950 to 1980, and recent increases from~1980 to the present. The April-September reconstruction showed less amplitude than the June-July reconstruction, as indicated by the standard deviations (Figure 10) . Similarly, standard deviations of the instrumental data, calculated over the 1901-2002 period, were higher for June-July (0.95) than for AprilSeptember (0.77).
Discussion and conclusions
Growth responses to climate variations
Although the growth responses to climate revealed by the 28 chronologies support common knowledge, such as temper- ature sensitivity toward higher elevations and drought-stress toward lower elevations, and within species coherency (e.g., Tranquillini 1964 , Fritts 1976 , Körner 1998 , some features were discerned.
(1) Positive correlations between TRW and previous-year autumn temperatures suggest that warm October and November conditions likely support carbon storage, promote mycorrhizal root growth by maintaining soils above freezing, and favor maturation of needles, shoots and buds against early winter stress (Oberhuber 2004 ). These factors, in combination with sufficient water supply promote early wood cell formation during spring. This physiological requirement seems to be important for TRW formation, because significant correlations with previous-year climate are also reported from numerous TRW chronologies across the European Alps and northern latitudes (see studies cited in the Introduction). In contrast, previous-year effects tended to be minimal for the formation of MXD , Büntgen et al. 2005 .
(2) Negative correlations between TRW and MXD and early spring (February-March) temperatures likely reflect the protective character of winter snow cover at high elevations (Vaganov et al. 1999) . Oberhuber (2004) described the tendency of trees at the alpine timberline to suffer from enhanced desiccation as a result of increased transpiration rates of needles and shoots, photoinhibitory stress and short-term fluctuations in shoot temperatures, during winter-early spring periods with insufficient snow depth.
(3) A lower correlation between MXD and June temperatures compared with the surrounding months, which is also reported from some MXD chronologies across the European Alps and northern latitudes (Briffa et al. 2002, Frank and , may be associated with the production of cones or pollen, or both, instead of cell wall growth (Eis et al. 1965) , and additional cellular division dominating metabolic activity. The formation of TRW, however, was positively affected by June temperatures and correlations between growth increment and June-July temperatures were highest. We assume that early wood cell production starts in April and May, followed by maximum cell production in June-July. High-resolution dendrometer point measurements showed that the stem radius increase in PCAB in Scandinavia and northeastern France starts in April and May, with the greatest daily increments being recorded in July. The production of late wood cells most likely occurs in July and August, but can extend into September (Schweingruber 1996 , Mäkinen et al. 2003 , Bouriaud et al. 2005 . Intra-annual variations in wood density, particularly during the second half of the growing season, likely reflect changes in the accessibility of soil water caused by severe late summer drought stress (Bouriaud et al. 2005 , Kahle 2006 ).
(4) Positive correlations and a maximum TRW response to June-August temperatures have been found in numerous highelevation sites across the Alpine arc (Büntgen et al. 2005, Frank and . In contrast, correlations between TRW and August temperatures were not significant in the Tatra Mountains, likely resulting from the prevailing colder or drier climatic conditions, or both, during the late summer-autumn transition. This regional finding is supported by numerous TRW site chronologies across the Eurasian high northern latitudes that do not significantly correlate with August temperatures .
(5) Generally negative correlations with previous-year June precipitation were obtained for TRW and MXD, likely reflecting a carry-over effect (Fritts 1976) . Growth variations result from the persistence of various effects into subsequent years through changes in nutrients and biological preconditioning of growth. For most conifers, the carry-over effect, such as photosynthetic gain, and storage of assimilates and water from the previous growing season, impacts current-year radial growth (Kozlowski and Pallardy 1997) .
(6) Positive correlations between TRW and March precipitation indicated the importance of water supply during the first part of the growing season. A combination of precipitation, temperature and the timing of snow melt is likely responsible for this key period of early wood production (Vaganov et al. 1999) , which then dominates total annual ring diameter.
(7) Highest positive correlations were found between AprilSeptember temperatures and MXD, and between June-July temperatures and TRW, so the reverse response to precipitation indicated a negative correlation between temperature and precipitation during the summer months. The general climatic response of the TRW chronologies compared with their MXD counterparts might be influenced by the tendency for greater sensitivity of current-year ring formation to biological and environmental conditions of the previous year. Severe autumn conditions in the year before ring formation caused a reduction in latewood cell wall thickness, nutrition reserve and bud production (Rolland 1993 , Oberhuber 2004 , resulting in diminished early wood cell formation, leaf area investment and photosynthetic capacity, and causing an overall decrease in radial growth (Schweingruber 1996) . Enhanced high-frequency interannual variation in growth responses to climate variation is found in both TRW and MXD from higher elevations, with signal coherency diminishing toward lower elevations and lower frequencies.
Besides these parameter-induced features, the study revealed differentiation of the network's growth response to climate as a function of: (1) elevation; (2) species; and (3) more general ecophysiological variables.
(1) Increasing precipitation signals toward lower elevations including growth depressions as a result of drought stress were characteristic of the few sites situated~1,000 m a.s.l. Based on the assumption that increasing temperatures lengthen the growing season by advancing snow melt (Vaganov et al. 1999) , and tend to enhance photosynthesis in trees through a positively correlated increase in solar irradiance and summer temperatures, a moderate warming is likely to be beneficial at the upper timberline. Trees from lower elevations, however, are expected to respond differently, because associated secondary effects of enhanced warming, such as increased evapotranspiration and lower late summer soil water content may have more influence than temperatures alone, and will likely result in drought-stress (Leuzinger et al. 2005 , Kahle 2006 ). Moreover, increasing photosynthesis does not translate di-rectly into increasing growth (Chapin and Shaver 1996) , and the idealized linear temperature response of high-elevation trees will collapse above some threshold.
(2) Differences in the geographical distribution of PCAB and LADE were evident. Compared with PCAB, LADE was better able to cope with drought, and therefore is restricted to the southern lee slopes of the High Tatra Mountains. PCAB, however, is found throughout the network. At around 13°C, subalpine PCAB seems unable to take full advantage of warm sunny days , perhaps because it tends to favor water storage over water uptake. At an equivalent threshold of~16°C, LADE, commonly situated at dryer sites, is less affected, because it develops a deep root system that provides access to the deepest and wettest soil layers (Tranquillini 1964) . (Thresholds are not constant among differing site ecologies (Marco Carrer, personal communication)). Thus, a combination of higher temperatures and adequate water availability only stimulates positive radial growth below a critical threshold (D'Arrigo et al. 2004) , because drought-induced disruptions in the assimilation processes likely inhibit radial growth .
(3) General uncertainty about the observed relationships could be associated with nonlinearity in the physiological responses of trees to climate (Tranquillini 1964 , Fritts 1976 , Kozlowski and Pallardy 1997 , growth response to maximum rather than mean temperatures (Wilson and Luckman 2003) , changes in the growing season length including slow ecological shifts (Vaganov et al. 1999, Frank and , and changes in the annual meteorological cycle (Jones et al. 2003 ). We did not observe temporal instability in the 20th century growth responses to climate (e.g., Briffa et al. 1998 , Büntgen et al. 2006a ), particularly at the higher elevation sites.
Temperature history
Temperature reconstructions of the greater Tatra region were compared with those obtained for the Alpine arc , and Central Europe (Briffa et al. 2001) (Figure 10) . Common features included cold periods~1650-1700 and 1810-20, associated with the Dalton and Late Maunder solar minima (Eddy 1976) , and following sequences of major volcanic eruptions (Simkin and Siebert 1994) . Early warm periods are commonly reconstructed~1730 and~1800. Temperature variations during the 20th century synchronously describe warming from around the 1910s to the 1940s, cooling in the 1970-80s, and increasing temperatures again thereafter.
Because of the inclusion of new samples in the Tatra network, the temperature reconstructions capture the last two decades of prevailing warming without instrumental splicing of the proxy into the 21st century. Lag-1 autocorrelation was 0.43 and 0.39 for the Tatra and Alpine TRW-based reconstructions, respectively, but significantly lower (0.14) for both MXDbased reconstructions, most likely because of the lower biological memory of MXD compared with TRW. Correlations between the Tatra and Alpine TRW and MXD reconstructions were 0.35 and 0.37, respectively. The high-and low-pass components indicated stronger low frequency agreement for the TRW chronology, but enhanced high frequency agreement for the MXD chronology. In comparison, correlations between the meteorological June-July versus June-August and April-September versus April-September "target" data from the Tatra and Alps were 0.44 and 0.70, respectively. The Central European April-September reconstruction has a lower standard deviation than the corresponding MXD-based Tatra and Alpine reconstructions, likely related to the instrumental "target" used, the larger region and number of sites averaged, and the calibration model, such as regression instead of scaling, applied , Büntgen et al. 2006b ). The lag-1 autocorrelation of 0.46 is clearly higher then the 0.14 obtained for the two regional MXD reconstructions. The correlation between the Tatra and Central European MXD reconstructions is 0.41. After high-and low-pass filtering, correlations increased to 0.55 and decreased to 0.34, respectively (common period). Similarly, correlations between the Alpine and Central European MXD reconstructions were 0.32, 0.13, and 0.48 for the unfiltered, high-pass, and low-pass data, respectively (common period).
Offset in the estimated long-term trends, i.e., lower in the Tatra and Alpine records and greater in the Central European record, likely results from the detrending techniques applied (Briffa et al. 2001, Frank and . The Central European reconstruction is optimized for the preservation of lower frequency information, whereas the Tatra and Alpine records are limited in this respect. Temporal offset between the individual reconstructions may derive from the maritime-continental gradient between the Alps and Tatra Mountains. Longer-term changes in European atmospheric flow-regimes (Raible et al. 2006) , and in the European and North Atlantic climate system are reported for past centuries (Luterbacher et al. 2004 , Casty et al. 2005 . Summer synoptic heterogeneity causes distinct local regimes (Hurrell et al. 2003) . For example, the Central European heat wave in 2003 (Luterbacher et al. 2004 , Schär et al. 2004 , was less extreme in the greater Tatra region, as indicated by both meteorological measurements and tree growth.
Although regional-to continental-scale network analyses from the Alps and Central Europe support the dominant role of rather homogeneous summer season temperatures on high-elevation tree-growth, we advocate the importance of carefully selected tree-ring data and detrending methods, sufficiently large samples, and detailed growth and climate analyses before drawing climatic interpretations from the chronologies created. The network we studied could be optimized toward a more uniform distribution of species (more LADE, PIMU and ABAL sites), parameter (more MXD site chronologies) and ecology (more lower elevation sites). The reduction in sample size back in time and limited preservation of low-frequency information could be compensated by the inclusion of carefully selected historical timber samples. Enhanced understanding of the network's growth response characteristics under changing site and climate conditions could be provided by a south extension along the Carpathian arc. 
